ABSTRACT: Oxygen diffusion through commercial Nafion films is investigated using a transient electrochemical reduction method. Direct experimental evidence is found for two Fickian diffusion coefficients corresponding to oxygen permeation through the hydrophilic channels and fluorocarbon matrix. The diffusion coefficient and solubility of oxygen in each phase, which controls the overall permeability, can be tuned via thermal annealing where films annealed at 160°C have a substantially reduced oxygen permeability relative to the asreceived material. Films annealed at 200°C show intermediate oxygen permeation to the as-received and 160°C annealed samples. Differential scanning calorimetry and wide-angle X-ray scattering are employed to demonstrate that increasing crystallinity reduces the oxygen solubility and diffusion coefficient through the Nafion matrix. The two oxygen diffusion coefficients are discussed in the context of literature values which span more than an order of magnitude. It is found that the time scale of the experiments plays a substantial role in the measured diffusion coefficient with short time scale (<30 s) experiments sensing primarily diffusion through the hydrophilic channels. Longer time scale experiments (>300 s) are able to sense both modes of oxygen permeation.
■ INTRODUCTION
Nafion is a commercially available perfluorosulfonate ionomer used in polymer−electrolyte fuel cells, 1 chloralkali cells, 2 and solar fuels devices. 3 In the last application, water is oxidized to oxygen gas and protons at one electrode while protons are reduced to hydrogen gas on the opposite electrode. 4 The Nafion membrane serves as a path for ion conduction while simultaneously separating oxygen and hydrogen. 3 If the membrane is a poor gas barrier, oxygen will diffuse into the hydrogen stream creating a less pure product as well as a gas mixture which is in the explosive regime. 5 Hydrogen diffusion into the oxygen stream results in a loss of the desired product and can be oxidized in place of water, resulting in a lower current efficiency for hydrogen. 6 Requirements for low gas permeability are more strict in solar fuels devices than in fuel cells due to the much lower operating current densities. 6 Thus, it is of crucial importance to understand and control the permeation of gases through such membranes, yet a fundamental understanding of gas transport is lacking.
Gas diffusion in rubbery homopolymers is typically well described by a single Fickian diffusion coefficient 7 while diffusion in glassy polymers can exhibit "dual-mode" sorption. 8, 9 In glassy polymers, these modes correspond to sorption of gas into the amorphous polymer matrix and into the free volume of the polymer, the latter process depending on the pressure of the diffusing gas. In Nafion membranes, diffusion of gases through the hydrophilic channels is thought to dominate the membrane permeability and is frequently described by a single Fickian diffusion coefficient. 10−18 Experimentally, literature values for oxygen diffusion coefficients (D) vary by more than an order of magnitude even for membranes with nominally the same water content. 10−18 It is important to understand why such a discrepancy exists in order to obtain a better fundamental understanding of diffusion through microphase separated membranes such as those used for solar fuels devices. Weber and Newman have indicated that the upper and lower bounds for steady state oxygen permeation should be that of pure water and of pure Teflon, respectively, depending on the water content of the membrane. 19 Oxygen permeation measurements for Nafion immersed in liquid cannot be simply performed using standard pressure rise measurements and thus require the use of a specialized sensing technique, the most common being electrochemical reduction of oxygen. 10−18,20−23 Fluorescence quenching of a dye in the presence of oxygen 24, 25 and electron paramagnetic resonance 26, 27 have also been used to measure oxygen diffusion coefficients in liquid saturated environments.
A key factor related to the range of D appears to be the time scale of the experiment. Electrochemical experiments using a potential step technique (PST), where the oxygen reduction current is monitored over <30 s following a step in electrode potential, report D ∼ (1−2) × 10 −6 cm 2 /s. 13, 15, 17 Longer time scale chronoamperometry (CA) experiments, where the potential is held at mass transfer limited O 2 reduction conditions for >300 s, report D ∼ (2−7) × 10 −7 cm 2 / s. 11, 13, 14 Additionally, the early studies of Ogumi et al. 11 using the CA method revealed a two-step process for hydrogen diffusion in Nafion although only the faster mode was analyzed. They suggested that the second mode might be related to diffusion through the fluorocarbon matrix. In phase-separated materials such as Nafion, two permeation modes may be anticipated due to gas sorption into each phase. 28 We hypothesize that experiments that occur over longer time scales (>300 s) can sense diffusion through both the hydrophilic and fluorocarbon domains of Nafion while short time scale experiments (<30 s) predominantly sense the faster diffusion through water channels.
Here, we measure the diffusion coefficient of oxygen in Nafion using the CA technique. Evidence for two diffusive modes is presented where distinct Fickian diffusion coefficients are observed for oxygen in the hydrophilic domains and in the fluorocarbon matrix of Nafion. We draw a distinction with the well studied "dual-mode" sorption in glassy polymers which occurs due to molecular-scale inhomogeneities and is described with a Langmuir-type sorption term. Rather, these two modes arise from the nanoscopically heterogeneous morphology of Nafion, and each exhibits an apparent Fickian behavior with Henry's law type sorption. The permeability of oxygen is shown to be tunable via thermal annealing with decreasing permeability relative to as-received Nafion. Annealing also leads to lower water uptake in the hydrophilic channels which further reduces the oxygen permeation of the membrane. We investigate the dependence of both modes on thermal annealing and morphology.
■ EXPERIMENTAL SECTION
Nafion membranes (Ion Power, Nafion1110), polystyrene (Aldrich, average M w = 192 000 g/mol), and Teflon (McMaster Carr) were purchased commercially. Nafion was used either as-received or annealed in a vacuum oven for 24 h at the specified temperature. All membranes were then soaked in 0.1 M H 2 SO 4 for 48 h prior to the diffusion measurement. Polystyrene membranes were made via hot pressing (140°C, 2000 psi) while Teflon was purchased in sheet form.
Chronoamperometry (CA) experiments were performed as previously described where a platinum working electrode on the downstream face of a membrane registers a reduction current after oxygen is introduced into the upstream side and diffuses through the membrane. [10] [11] [12] 15 The diffusion cell was purchased from PermeGear and consisted of two 8 mL half cells with a glass port on top of each half shown schematically in Figure 1 .
A membrane was sandwiched between the two cells via an O-ring (2 cm diameter) and metal clamp. On the downstream face of the membrane, a 2 cm diameter platinum foil working electrode (Aldrich) was placed in direct contact with the membrane. A platinum mesh counter electrode (Alfa Aesar) was placed on the back wall of the downstream cell and a mini reference electrode (Ag/AgCl, 3.5 mm o.d., Pine Research) was placed in between the working and counter electrodes. The downstream side was then sealed with parafilm and vacuum grease. To begin each measurement, deoxygenated 0.1 M sulfuric acid (bubbled with nitrogen for 1 h) was added to the cell with a membrane clamped in the middle. Cyclic voltammetry sweeps were performed by varying the potential from 1.5 to −0.5 V until the oxidation and reduction waves no longer changed for subsequent sweeps, typically 5−10 sweeps as previously described. 13 This procedure ensures a similar electrode surface for each diffusion experiment. The working electrode was then held at 0.1 V versus the reference electrode to remove residual oxygen in the system and to remove dissolved oxygen from the membrane. After at least 5 h of equilibration in deoxygenated conditions, a solution of oxygensaturated sulfuric acid (bubbled with oxygen for 1 h) was injected into the upstream side of the cell. This point was taken as the zero time point, and the current was subtracted off as baseline (typically 1− 3 μA) following literature procedures. 14, 10 The reduction current of oxygen was monitored as a function of time using a Bio-Logic VSP-300 potentiostat.
The solution to Fick's law has been previously solved for this geometry 20 and the transient oxygen reduction current (i(t)) can be fit to yield the oxygen diffusion coefficient (D) and oxygen solubility (S) of the membrane:
where n e is the number of electrons involved in oxygen reduction (2), F is Faraday's constant, A is the membrane area, s O 2 is the stoichiometry coefficient of oxygen (1/2), and L is the membrane thickness. Data were fit to eqs 1 and 2 using IgorPro software. Oxygen diffusion measurements using the electrochemical monitoring technique are shown in Figure 2 for a polystyrene (PS) homopolymer film. The oxygen reduction current was fit to a single Fickian diffusion process (red curve) and yielded an oxygen diffusion coefficient of 7 × 10 −8 cm 2 /s, in agreement with a literature value of 10 × 10 −8 cm 2 /s measured via a pressure rise method on a dry PS film.
29 Diffusion coefficients of (2.3−4.3) × 10 −7 cm 2 /s 30 and (3.3−5.4) × 10 −7 cm 2 / s 31 were obtained previously via luminescence methods. These PS data serve as a control experiment to verify that the measurement apparatus can provide reliable diffusion measurements. Figure 2b shows diffusion data for a sheet of commercial Teflon. In contrast to the PS film, Teflon cannot be well described by a single Fickian diffusion process (red curve). Previous investigations of small molecule dye diffusion in semicrystalline polypropylene have indicated that the sum of two Fickian diffusion coefficients is required to describe the dye diffusion through both the amorphous and crystalline regions of the polymer. reported D = 1.7 × 10 −7 cm 2 /s via the time lag method where deviation from the baseline may be expected to correspond more closely to the fast diffusion process. A value of D = 1.5 × 10 −7 cm 2 /s was determined for oxygen in Teflon via pressure rise methods. 33 In fact, the time lag value agrees with D fast observed in the present work. Thus, the chronoamperometry (CA) technique is a reliable method for determining oxygen diffusion coefficients in agreement with conventional pressure-based diffusion measurements.
Differential scanning calorimetry (TA Instruments, Q20) was performed on ∼5 mg samples of Nafion at a heating rate of 20°C/ min. Annealed Nafion was removed from the vacuum oven at the annealing temperature and allowed to cool for 30 min before loading into a hermetically sealed aluminum pan. Acid-swollen Nafion films were patted dry with a KimWipe and promptly loaded into a hermetically sealed pan for DSC analysis. The instrument was calibrated with an ∼6 mg indium standard.
Wide-angle X-ray scattering was performed at the Advanced Light Source, Lawrence Berkeley National Lab at beamline 7.3.3. The line is equipped with a 2D Dectris Pilatus 1 M charge-coupled device detector (981 × 1043 pixels). The incident X-rays had a wavelength of 1.24 Å. Acid-swollen Nafion samples were sandwiched between two pieces of Kapton tape immediately after removal from sulfuric acid. Scattering patterns were taken within 20 min of sample preparation.
Water uptake measurements were performed on Nafion of various thermal treatments to determine the volume fraction of hydrophilic domains. As-received Nafion as well as films annealed at 160 or 200°C for 24 h were immersed in 0.1 M H 2 SO 4 for 48 h. The membranes were patted dry with a KimWipe and promptly weighed. The films were then placed in a vacuum oven at 200°C for 24 h to remove water and the dry mass was measured. The films were also measured after 48 h at 200°C to ensure that 24 h was sufficient for water removal. The fractional mass uptake was determined as w = (m wet − m dry )/m dry , and the hydrophilic domain volume fraction (ϕ v ) was determined from the mass uptake, density of the dry membrane (ρ dry = 2.0 g/cm 3 ), 34 and the density of water (ρ H 2 O = 1.0 g/cm 3 ) as
The fractional mass uptake was 0.181, 0.151, and 0.143 for as-received, annealed at 160°C, and annealed at 200°C Nafion. These correspond to ϕ v = 0.36, 0.30, and 0.29, respectively.
■ RESULTS AND DISCUSSION
Diffusion of gases in homogeneous polymers is typically described by a gas solubility (S) and diffusion coefficient (D) with the permeability defined as P = SD. In multiphase polymer, nonhomogeneous sorption and diffusion behavior has been reported where each phase contributes to the overall permeation. The total permeation through a heterogeneous membrane is the sum of permeations from each possible mode (P i ) as written by Petropoulos:
Each P i is the product of the solubility (S i ) and diffusion coefficient (D i ) for that mode. It is posited that any phaseseparated membrane should exhibit a diffusion coefficient corresponding to each phase provided they are different enough to be resolved by experiments. In polymer blends and block copolymers, these permeation modes are weighted by their respective volume fractions. 28 Depending on the morphology, these modes may also be treated as being in series or parallel. In Nafion, two Fickian processes are anticipated corresponding to permeation through the hydrophilic and fluorocarbon regions of the material. The permeation is treated as a parallel combination of modes which captures the shape of the data quantitatively. Figure 3a shows data for oxygen diffusion through a Nafion1110 film. A fit to a single Fickian diffusion process (red dashed curve) cannot capture both the fast initial rise in the data and the longer time plateau region. A plot of the short time data is shown in Figure 3b , highlighting the inability of a single Fickian diffusion coefficient to fit the data. A sum of two Fickian processes provides an improved fit to the data and can be physically rationalized in terms of the two distinct environments present in Nafion. To incorporate both modes, the current is analyzed as i(t) = i fast + i slow in accordance with eq 3, and each component takes the form of eq 1 with a distinct D and S. Such a treatment assumes both modes of diffusion are independent, which appears to be a valid assumption given the fit of the data using noninteracting modes. The case of interacting modes may become important in other systems such as glassy polymers as discussed previously. 36 The fast diffusion coefficient was determined as D fast = 1. 10 The slow diffusion coefficient measured in the 11 substantially faster than any of the oxygen diffusion coefficients reported in Nafion. It is interesting that D fast for Nafion is similar to the reported diffusion coefficient for water in Nafion channels (∼(1−7) × 10 −6 cm 2 / s) based on a number of studies discussed in detail in ref 37 . It is not clear at the present time what the role of specific interactions between oxygen and the hydrophilic channels may be, and the relationship between oxygen and water diffusion warrants further study. Each permeation mode P i has a corresponding S i which depends on the choice of electrode area A in eq 1. The area of the electrode used to calculate the solubility of oxygen for each mode was determined based on the volume fraction of each phase from water uptake measurements as described in the Experimental Section. For example, as-received Nafion has ϕ v = 0.36, and thus the area used to calculate the solubility for the water hydrated channels, S fast , is the geometric area of the Pt working electrode (3.14 cm 2 ) multiplied by 0.36. Our findings indicate that the discrepancy in oxygen diffusion coefficients in Nafion is related to the time scale of the experiment. The potential step method, where the transient current response due to oxygen reduction is monitored over tens of seconds, may be sensitive primarily to the fast diffusion process while the longer time scale CA method senses contributions from both the slow and fast diffusion processes. In fact, Lehtinen et al. 13 used both of these electrochemical methods on Nafion 117 and found diffusion coefficients of 1.7 × 10 −6 and 7 × 10 −7 cm 2 /s for the potential step and CA methods, respectively, supporting our assertion that the step method does not appropriately sense the slower diffusive mode. Previous work on gas diffusion in styrene−butadiene block copolymers found that short time scale transient experiments counted the diffusion of penetrants primarily from the PB matrix while a longer time scale "equilibrium method" also counted species diffusing through the PS domains. 39 For steady-state permeation measurements, series and parallel resistance models have been employed to account for diffusion through phase-separated block copolymers, 40 ,41 polymer blends, 42 and composite membranes 43 using permeabilities determined independently for each component. Our work differs from these studies in that we measure the transient response as opposed to steady state permeability.
Evidence for two diffusive modes in Nafion has appeared in the literature although it has scarcely been discussed. In the early work of Ogumi et al. 12 using the CA technique, it was observed that there were two steps in the data corresponding to diffusion of hydrogen in Nafion; however, only the faster of the two processes was analyzed. Sethuraman et al. 10 investigated CO and H 2 S diffusion in Nafion, and inspection of their reduction current data also reveals two apparent steps which were fit to a single Fickian diffusion coefficient. Recent work on diffusion in anion exchange membranes using 1 H NMR has revealed multiple diffusion coefficients corresponding to the distinct environments within the membrane. 44 Interestingly, one might anticipate that Nafion would show three modes: one for the hydrophilic channels and two for the matrix corresponding to diffusion through amorphous regions and near-crystal regions (Figure 2b) . A fit to three Fickian modes did not substantially improve the fit in Figure 3 likely due to the lower crystallinity of Nafion (8−12%) 45 relative to Teflon (∼70%). 46 The permeation mode arising from interactions with crystallites which is pronounced in Teflon (Figure 2b ) would thus be significantly smaller in Nafion.
Thermal annealing is a facile route for tuning the morphology of polymer membranes and can be used to decrease gas permeability. In particular, increased percent crystallinity and crystal size can be achieved which is anticipated to substantially improve gas barrier properties. First, an increase in the crystallinity of the matrix should lead to a lower oxygen solubility as gases are much more soluble in amorphous domains. 47 Second, larger crystallites will act as barriers and increase the tortuosity of the diffusion path for gas molecules. Additionally, annealing has been shown to limit water uptake into the hydrophilic channels of Nafion. 48 Thus, multiple morphological changes occur upon thermal treatment which impact oxygen permeability.
The morphological changes that accompany thermal annealing can be probed via differential scanning calorimetry (DSC). Figure 4 shows the DSC trace for Nafion with the various thermal treatments. Two bumps are observed with peaks at ∼75 and ∼200°C for the as-received film (blue curve). Previous DSC work on Nafion (in Cs + form rather than H + form as in the present work) also observed two peaks but at slightly higher temperatures, at ∼100 and 250°C. 48 In that work, the lower temperature peak shifted to higher temperature with annealing and eventually merged with the higher temperature peak. The peaks were assigned to smaller crystallites (lower temperature) which melt and then re-form onto larger crystallites which melt at higher temperature. Figure  4 also shows DSC for Nafion annealed at 160°C (red curve) where the first peak is shifted to higher temperature and is greater in magnitude. In the context of previous work, 49 this could be interpreted as a growth of larger crystals at the expense of smaller ones. Annealing at 200°C (green curve) leads to a reduction in the first peak intensity; however, it still occurs at a higher temperature than for the as-received material.
An assignment of the relative percent crystallinity is difficult via DSC not only because of the presence of two peaks but also due to the background which appears to be elevated above baseline. The heat of fusion for Teflon is commonly used to determine Nafion crystallinity. Because Nafion melts at a much lower temperature and has two broad endothermic peaks rather than a sharp transition, it is unclear how appropriate the use of Teflon heat of fusion is for determining Nafion crystallinity. It is also unclear if the two peaks in the DSC represent distinct crystal populations or a melt−recrystallization type phenomena as suggested by Page et al. 49 The absorbed water in Nafion also contributes to the baseline. Taking the area under the curves from 0 to 300°C using a simple linear baseline, the areas are 373, 459, and 305 J/g for as-received, 160°C annealed, and 200°C annealed films, respectively. These give unphysically large results simply using the enthalpy of fusion for Teflon (which ranges from 54 to 104 J/g). The percent increase in the area under the curve for the 160°C film relative to as-received is 23% while the permeation through the matrix (D slow ·S slow ) drops by ∼50%. It is not only the percent crystallinity which is important but also the crystal morphology. For example, the film annealed at 200°C has a smaller area under the curve than the as-received sample, but the first peak is shifted to higher temperature. A simple interpretation would be that some of the crystals have melted, but the remaining crystallites are larger and have a higher peak melting temperature. Thus, we turn to WAXS for a complementary method for probing crystallinity. Figure 5 shows WAXS data for Nafion films with the same annealing and soak treatments as those in Figure 4 . A peak at q = 1.6 Å −1 corresponds to crystallites in the matrix and has appears with a broad amorphous halo (Figure 5b ) as previously reported for proton form Nafion. 34 As-received Nafion exhibits the lowest crystallinity followed by the sample annealed at 200°C and finally that annealed at 160°C. The highest crystallinity of the matrix phase in the 160°C sample should result in the Both the ionomer peak (q = 0.12 Å −1 ) and the crystalline peak (q = 1.6 Å −1 ) are visible in this range. The ionomer peak is weaker for the annealed samples due to reduced water uptake. (b) Enhancement of the higher q peak corresponding to matrix crystallinity for the same samples. The sample annealed at 160°C has the highest crystallinity followed by the 200°C annealed sample. As-received Nafion has the lowest crystallinity. lowest S slow in this film. The WAXS data have been fit using two Gaussian peaks ( Figure S3 ), and the percent crystallinity was taken as the ratio of the crystal peak area to the total area of crystalline plus amorphous regions. The crystallinity increases from 9.8% (as-received) to 10.6% (200°C anneal) to 11.4% (160°C anneal) in accord with our DSC interpretation and the order of diffusion coefficients through the matrix (although the effect is small). The q-range of the data in Figure 5a also includes the ionomer peak at q = 0.12 Å −1 , which is controlled by the uptake of water into the hydrophilic channels. The highest water uptake is observed for the as-received film while the lowest uptake is observed for the film annealed at 160°C. The stronger ionomer peak in the as received Nafion is correlated with the greater D fast in this membrane.
The changes in crystallinity due to annealing lead to substantial changes in the permeability of Nafion membranes. Figure 6 shows diffusion data for Nafion as a function of annealing time with the top blue curve corresponding to the asreceived film presented in Figure 3 . The bottom red curve is for Nafion that was annealed under vacuum at 160°C for 24 h and then immersed in 0.1 M H 2 SO 4 for 48 h prior to measurement. A fit to the data allows for the determination of D fast = 4.7 and D slow = 2.0 × 10 −7 cm 2 /s. The solubilities corresponding to the hydrophilic channels and matrix phase are S fast = 1.1 and S slow = 2.3 × 10 −6 mol/cm 3 , respectively. The lower solubility of gas in the matrix phase (S slow ) relative to as-received Nafion is attributed to increased crystallinity as seen via WAXS. Additionally, D slow decreases presumably due to larger crystallite obstacles in the matrix. Water uptake into the ionic channels is also suppressed by the presence of a more crystalline matrix 48 which leads to a dryer and less mobile channel phase (lower D fast ). Interestingly, the oxygen solubility of the channels increases with decreasing water content. This is anticipated given that previous work 11 has reported that the solubility of oxygen is greater in Teflon than in water by a factor of 20. Lower water content leads to a more Teflon-like phase with increased oxygen solubility. Table 1 contains a summary of S and D values for the fast and slow modes in as-received and annealed Nafion films.
The choice of annealing temperature is important for gas permeation as exceedingly high temperatures can melt crystals that were present after lower temperature annealing conditions. The middle green curve in Figure 6 corresponds to a Nafion film annealed at 200°C for 24 h followed by immersion in 0.1 M H 2 SO 4 for 48 h. The permeation of oxygen shows intermediate behavior to the as-received and 160°C annealed cases. This is attributed to an increase in the solubility of oxygen in the matrix phase due to the partial melting of crystals (as observed by DSC and WAXS) leading to a more amorphous matrix and thus higher S slow relative to the 160°C annealing case. We note that a discoloration was observed in the Nafion films as they turned orange/brown upon annealing. Ionic conductivity measurements were performed on all of the samples as a proxy for how many sulfonic acid sites had degraded. Conductivities of 74, 66, and 59 mS/cm were observed for the as-received, 160°C annealed, and 200°C annealed films. In addition to being only modestly different, they exhibit a monotonic decrease while permeation data are nonmonotonic. The conductivities are already anticipated to be slightly lower in annealed films due to the lower water uptake, indicating that degradation effects are minimal and not the reason for the decreased permeability seen in annealed membranes.
In conclusion, direct experimental evidence is presented for two Fickian modes of diffusion in Nafion. Two diffusion coefficients are observed corresponding to oxygen permeating through the hydrophilic channels and fluorocarbon matrix. The diffusion and solubility of oxygen in each phase, which controls the overall permeability, can be tuned via thermal annealing where films annealed at 160°C have a substantially reduced oxygen permeability. Films annealed at 200°C show intermediate oxygen permeation to the as-received and 160°C annealed samples. Oxygen solubility in the matrix is determined by matrix crystallinity while the oxygen solubility in the hydrophilic channels is controlled by the water uptake. Future work is underway to investigate the performance of these annealed membranes in functional solar fuels devices. 
